Bacterial speck, caused by Pseudomonas syringae pv. tomato (Okabe) Alstatt, and bacterial spot, caused by Xanthomonas axonopodis pv. vesicatoria (groups A and C), X. vesicatoria (group B) and 'X. gardneri' (group D) (groups A and B formerly were known as X. campestris pv. vesicatoria (Doidge 1920) Dye 1978b), are two of the more persistent and economically important bacterial diseases of tomato (Lycopersicon esculentum Mill.) in North America. Although the most conspicuous symptoms for both diseases are lesions on the foliage and fruit, all aboveground parts of the tomato plant are susceptible to infection. When environmental conditions are optimal for disease development, yield losses can be severe (17, 25) . Although several commercial cultivars carry resistance to bacterial speck, none are resistant to all known races of the bacterial spot pathogen. Thus, current disease management strategies include vigorous spray programs with bacterial management products such as copper or acibenzolar-Smethyl (Actigard) in combination with the foliar fungicides (e.g., chlorothalonil, mancozeb, and strobilurins), field sanitation, crop rotation, and the use of pathogen-free planting material.
Because bacterial speck and bacterial spot lesions on the foliage of field tomato plants can vary in size, texture, and color, they easily are confused with each other and with those formed by other tomato pathogens and abiotic disorders. Although culture-based methods still are widely used for diagnosis of these bacterial diseases, they are time consuming and do not provide the sensitivity and specificity of nucleic acid-based methods (15) . TPR1, which is a 5.3-kb fragment of the P. syringae pv. tomato strain DC3000 gene cluster controlling production of the phytotoxin coronatine, is an effective diagnostic probe for bacterial speck when used in colony blot assays with the semiselective VogelBonner-tartrate (VBTar) medium (13) . Likewise, KK1750 (22) , an X. vesicatoria strain DC93-1 sequence (1.8-kb) of unknown function, has been used in combination with the semiselective Chang Kama Tween medium (CKTM; 40) to screen for the bacterial spot pathogen in tomato and pepper samples. The major drawback to these probe-based procedures is that they take 4 to 5 days to complete.
Bacterial spot disease diagnosis is complicated further by the heterogeneity of the xanthomonad strains that cause this disease (7) . The nomenclature of xanthomonads, including those pathogenic on tomato, has been debated (37, 44, 46) , but an enhanced understanding of the systematics of the tomato pathogens is emerging (20, 21, 33, 44) . Recent work has shown that there are at least four distinct phenotypic groups, A, B, C, and D (19) . Groups A and B are genotypically distinct (24, 41, 44) and, thus, Vauterin et al. classified them as X. axonopodis pv. vesicatoria and X. vesicatoria, respectively. Group C strains are related to but distinct from group A strains, whereas group D strains are phenotypically and genotypically distinct from the other three groups (8, 19) . Group D strains also are referred to as 'Xanthomonas gardneri' strains. A recent publication has proposed the following renaming: group A strains as X. euvesicatoria, group C strains as X. perforans, and Group D strains as X. gardneri; group B strains remain as X. vesicatoria (20) . To date, no DNA sequence has been identified that is unique to all the bacterial spot-causing xanthomonads (BSX). In earlier work, probe KK1750 hybridized to 89% of the 46 BSX strains tested; unfortunately, however, no group C strains and only one group D strain were included in that survey (22) . Obradovic et al. have designed a set of primers for the bacterial spot pathogen based on an hrp sequence that is highly conserved among the pathogenic xanthomonads; restriction enzyme analysis of the amplicon produced with these primers has been used to differentiate the four BSX groups (31) . If used without restriction enzyme analysis of the amplicon, these primers do not distinguish BSX strains from xanthomonads pathogenic on other hosts. Primers specific for the fimA sequence of X. campestris pv. vesicatoria also have been designed, but they detect only X. vesicatoria (group B) strains (43) .
The objectives of the present study were to design and evaluate polymerase chain reaction (PCR)-based diagnostic assays for bacterial speck and bacterial spot. The PCR primer sets were based on the DNA probes TPRI and KK1750, because both sequences had been used successfully for several years to diagnose bacterial diseases on Ontario field tomato plants. In the course of this work, we tested DNA ex-tracts from 52 strains of P. syringae, 36 BSX strains, 36 strains of non-BSX pathogenic xanthomonads, 6 strains of nonpathogenic epiphytic xanthomonads, and 10 strains of other plant-associated bacteria for the ability to act as template for primers COR1/2 (bacterial speck) and BSX1/2 (bacterial spot). As a positive control, we used the primer set derived from a conserved hrp sequence described above, RST65/69 (31) . We also performed an extensive survey of diseased samples from transplant greenhouses and from Ontario tomato fields to determine the effectiveness of primer sets COR1/2 and BSX1/2 as diagnostic tools. Using repetitive sequence-based (rep)-PCR, restriction enzyme analysis of the RST65/69 amplicon, and physiological and pathogenicity testing, we found that the majority of the BSX strains isolated from Ontario tomato fields since 2000 were group D, or X. gardneri, strains; all of these strains were positive with the BSX1/2 primer set and hybridized to our DNA probe KK17750. A few group C strains also were found; they hybridized to the probe but not all of them produced a product with the BSX1/2 primers.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The plant-associated bacterial strains used in this study are listed in Table  1 . Bacteria were grown on nutrient broth yeast extract (NBY; 14) agar, CKTM (a semiselective medium for the bacterial spot pathogen; 40) or VBTar agar (a semiselective medium for the bacterial speck pathogen; 14) for 24 to 48 h at 25ºC. All strains were stored at -72ºC in NBY broth containing 15% glycerol.
Isolation and manipulation of bacterial DNA. Unless described below, the procedures used to extract, purify, and manipulate DNA were performed as described previously (3, 36) . Bacterial genomic DNA was purified using a Qiagen Genomic-tip System (Qiagen Inc., Chatsworth, CA), whereas PCR products were cloned using the Qiagen PCR cloning kit (Qiagen Inc.). A 100-bp DNA ladder (Invitrogen Canada Inc., Burlington, ON, Canada) was used as a molecular size standard for agarose gels. Cloning and sequencing of bacterial DNA. The bacterial speck probe TPRI, derived from the coronatine gene cluster of P. syringae pv. tomato DC3000 (14) , was cloned and sequenced in order to design PCR primers. A 1.5-kb PstI fragment of TPRI was cloned into pBluescript II KS+ (Stratagene, La Jolla, CA; 39) by methods described previously (14, 27) . It was sequenced using the dideoxynucleotide chain termination method and the Taq DyeDeoxy Terminator Cycle sequencing kit (Applied Biosystems, Foster City, CA) by the Core Facility for Protein/DNA Chemistry at Queen's University, Kingston, ON, Canada (GenBank accession number U33313). Based on a search of the National Center for Biotechnology Information (NCBI) databases using the BLAST algorithm (1), the sequence is a homolog of the P. syringae pv. glycinea PG4180 cfa7 gene (AF098795) (34) , which is part of the gene cluster controlling production of the coronatine component coronafacic acid (9) .
The bacterial spot DNA probe KK1750 was a 1.8-kb PstI-NotI fragment of genomic DNA from X. vesicatoria DC93-1 identified by genomic subtraction (22) . It was cloned into pBluescript II KS+ and sequenced as described above (GenBank accession number AY914087). When a search of the NCBI databases was performed, the first 478 bp of one end of this sequence had 95% similarity to a portion of a putative truncated transposase in the region downstream of hrpA from X. campestris pv. vesicatoria 85-10 (16), but no homologs could be found for the remainder of this sequence.
PCR products that had been obtained using primer set BSX1/2 (see below) and crude BSX DNA extracts as template were purified using the Qiagen PCR Purification kit (Qiagen Inc.). They were cloned into the pDrive vector supplied with the Qiagen PCR Cloning kit (Qiagen Inc.) according to the instructions of the manufacturer. Commencing at the T7 and SP6 primer sites on the pDrive vector, the cloned BSX DNA was sequenced with the Applied Biosystems (ABI) PRISM BigDye Terminator Cycle Sequencing Kit (PE Biosystems, Mississauga, ON, Canada) and an ABI 377 DNA sequencer housed at the Agriculture and Agri-Food Canada Southern Crop Protection and Food Research Centre in London, ON, Canada. Multiple alignments of the various cloned BSX sequences were generated using MEGALIGN (version 5.07; DNASTAR Inc., Madison, WI) and the CLUSTAL V method. The output was formatted for printing using BOXSHADE version 3.21.
Oligonucleotide primers. The PCR primers used in this study were selected using the Oligo Primer Analysis Software (version 5; Molecular Biology Insights, Inc., Cascade, CO) and synthesized by Invitrogen Canada, Inc. The PCR primers for bacterial speck were selected from the 1.5-kb sequence of the bacterial speck probe TPRI: COR1, 5′ GGA CTC AGC AGT ATC ATC TCG GGA CG 3′; COR2, 5′ TGC AGG GTC TTG GGG AGC ACG 3′. Two sets of primers were used for bacterial spot. One set was derived from that portion of the 1.8-kb KK1750 sequence that did not contain the putative truncated transposase: BSX1, 5′ TCG CCC ATA GTC ACC ATT GGA TAG ACC 3′; BSX2, 5′ GCC TAC GCC GAG AAG TTA GCC ACC GAG 3′. The other primer set for bacterial spot was derived from the hrpB operon of the hrp gene cluster of X. campestris pv. vesicatoria strain 75-3: RST65, 5′ GTC GTC GTT ACG GCA AGG TGG TCG 3′; RST69, 5′ TCG CCC AGC GTC ATC AGG CCA TC 3′ (31) .
PCR. Amplification was performed in 0.2-ml thin-walled PCR tubes in a GeneAmp PCR System 9700 thermal cycler (Applied Biosystems, Foster City, CA). The final 25-µl reaction mixture contained 1× PCR buffer, 2.0 mM MgCl 2 , 0.2 mM each dATP, dCTP, dGTP, and dTTP, 1 µM each primer, and 0.63 U of Taq polymerase (New England Biolabs, Ltd., Pickering, ON, Canada). The following PCR protocol was used with the bacterial speck primers COR1/2: one cycle at 94ºC for 2 min; 40 cycles of 30 s at 94ºC, 45 s at 61ºC. and 30 s at 72ºC; and finally one cycle at 72ºC for 5 min. The PCR protocol for both sets of bacterial spot primers was the following: one cycle at 95ºC for 2 min; 40 cycles of 40 s at 95ºC, 40 s at 63ºC, and 50 s at 72ºC; and finally one cycle at 72ºC for 5 min. The PCR products (5 µl) were loaded into 1.5% agarose gels in 0.5× TBE (0.089M Tris-borate, 0.002 M EDTA, pH 8.0) buffer for analysis. After electrophoresis for 2 h at 7.5 V/cm, the gels were stained with ethidium bromide (1 µg/ml) and digitally recorded. For the bacteria listed in Table 1 , a minimum of two assays/primer set/strain were performed.
rep-PCR. Ontario BSX strains were characterized by rep-PCR using primers BOX, ERIC, and REP as described previously (23, 24) . Fingerprint patterns were analyzed using GelCompar software (Applied Maths, Kortrijk, Belgium) and established library databases. A minimum of three rep-PCR gels were prepared for each strain-primer set.
Extraction of template DNA from bacterial colonies or plant material. Bacteria obtained by touching a pipette tip to a 24-to 48-h-old colony on NBY, VBTar, or CKTM agar were suspended in a nucleic acid extraction buffer (1% Triton X-100, 0.5% Tween 20, 10 mM Tris, 1 mM EDTA, pH 8.0; TTTE; 35) and subjected to a 3-min freezing in liquid nitrogen followed by a 5-min heating in a boiling water bath (freeze-boil method). After being chilled on ice for 5 min, the tubes were centrifuged at maximum speed (14,000 × g, 4ºC) to pellet any cellular debris. A sample of the supernatant then was added as template to the PCR master mix.
A similar procedure was used for extracting template DNA from tomato (or pepper) leaf and fruit lesions. A 25-mm 2 piece of tissue containing the lesion was excised from the plant sample, cut in quarters, and incubated on ice for 30 min in 0.2 ml of sterile water. The eluate then was centrifuged (maximum speed in a microfuge, 14,000 × g) and the pellet was suspended in TTTE and subjected to the freeze-boil treatment described above.
Screening diseased samples from seedling greenhouses and grower fields for the presence of bacterial speck and bacterial spot. Lesions were excised from diseased tissue samples from seedling greenhouses or grower fields as described above. After the 30-min incubation on ice, tissue was aseptically removed from the tube and the eluate was streaked on NBY, CKTM, and VBTar agar plates. The remainder of the eluate was centrifuged (14,000 × g, 4ºC) and the pellet, after being resuspended in TTTE, was subjected to the freeze-boil treatment to produce a DNA template for the PCR assays. If P. syringae pv. tomato-like or BSX-like colonies developed on the agar plates, they were purified and stored at -72ºC in NBY broth plus 15% glycerol. These strains then were tested for pathogenicity on tomato and pepper plants (BSX colonies only). Crude DNA extracts of these strains (freeze-boil method) also were prepared and used as template in a PCR assay using the RST65/69 primers of Obradovic et al. (31) .
Plant pathogenicity tests. All tests were performed in a plant growth chamber (CMP4030, Conviron, Winnipeg, Manitoba, Canada) with a 16-h light (25ºC) and 8-h dark (22ºC) cycle using 3-week-old tomato seedlings (L. esculentum Mill. cv. Bonny Best) or 5-week-old pepper seedlings (Capsicum annuum L. cv. Merlin or Early Niagara Giant). Procedural details have been described previously (10, 22) . Bacterial speck symptoms appeared within 4 to 7 days, whereas those of bacterial spot appeared within 7 to 14 days.
Tomato leaf bioassay for coronatine. Ethyl acetate extracts of bacterial cultures were tested for coronatine using a tomato leaf assay described previously (12) . The assay was repeated three times for each strain.
Hybridization procedures. The procedures used for the preparation of dot blots and Southern blots have been described (14, 22) . Dot blots were used to confirm the results of the PCR assays. The PCR reaction (5 µl) was mixed with 45 µl of TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0), boiled for 10 min, chilled on ice, and then loaded into the well of a Milliblot apparatus (Millipore Corporation, Bedford, MA) onto a nylon membrane (Roche Diagnostics, Laval, Quebec, Canada). The 
One half was cut in quarters and placed in 100 µl of TTTE; the other half was cut in quarters and placed in 1 ml of 10 mM potassium phosphate (pH 7.2) containing 0.1% Difco-peptone (KPP). After a 30-min incubation on ice, the leaf fragments were removed from both samples. The first sample was subjected to the freeze-boil treatment while the second sample was serially diluted and plated on NBY+ rif (50 µg/ml) agar. PCR assays were performed using the crude DNA extracts from the first sample. The experiment was performed in triplicate. The same procedure was used for determining the detection limit of the bacterial spot PCR assay; the strain used for these experiments was X. campestris pv. vesicatoria DC93-1 and the viable counts were determined on CKTM agar.
In a second set of experiments, the PCR detection limit was determined using DNA template extracted from tomato leaf wash water. Leaf samples were collected late in the season from a bacterial speck-infected (strain DCT6D1) tomato field plot (cv. Bonny Best; Agriculture and Agri-Food Canada farm, London, ON, Canada). Eight randomly collected 10-g samples of symptomless leaves each were washed in 100 ml of sterile water and the wash water was processed as described previously to collect the leaf surface bacteria (13) . The pellet was resuspended in 2 ml of sterile water. A 100-µl aliquot of the suspension was subjected to the freeze-boil method to extract DNA template for PCR. Another aliquot then was serially diluted and plated on VBTar agar. Colony lifts of selected plates were hybridized to the DIG-labeled COR15 probe to determine viable cell counts (13) .
Effect of field plant age and P. syringae pv. tomato population size on PCRbased detection. Leaves with bacterial speck-like lesions were collected throughout the growing season from several southern Ontario tomato fields. The samples were taken from the lower third of the plant. Each lesion was cut in half; one half was processed for PCR and the other half was macerated in 1 ml of KPP. The macerate was serially diluted in KPP and aliquots of each dilution were spread on VBTar agar. After 3 days of incubation at 25ºC, colony lifts were prepared and processed as described previously (13) .
RESULTS
Selection and specificity of primers for P. syringae pv. tomato and X. campestris pv. vesicatoria. The primers selected for the bacterial speck pathogen, COR1/2, amplified a 689-bp DNA segment from the presumed coronafacic acid biosynthesis gene cfa7 of P. syringae pv. tomato DC3000. These primers were tested for specificity using purified genomic DNA from several plant-associated bacteria ( Table 1) . Amplicons of the expected size were produced with DNA extracts from all the coronatine-producing strains of P. syringae tested, including pathovars tomato, maculicola, morsprunorum, atropurpurea, and glycinea. The two P. syringae pv. maculicola strains and two P. syringae pv. morsprunorum stains that did not exhibit amplification with COR1/2 also did not produce coronatine, as determined by the coronatine leaf bioassay. Likewise, no amplification occurred with DNA extracted from strains of noncoronatine-producing P. syringae pathovars and from strains of other plant-associated bacteria ( Table 1 ).
The only xanthomonads or plantassociated bacteria that gave a positive response with the primers BSX1/2 were classified as X. axonopodis pv. vesicatoria (groups A and C), X. vesicatoria (group B), or 'X. gardneri' (group D) ( Table 1) . However, DNA from 8 of the 36 X. campestris pv. vesicatoria strains tested, 5 group A (strains ATCC11633, 87-21, 88-5, 96-6, and 85-10), one group B (strain BA27-1), one group C (strain 1484), and one group D strain (strain MSU 1138), failed to act as template for these primers. Strain MSU1138 also did not hybridize with probe BSX1323. In addition to the strains listed in Table 1 , the following strains were screened with the BSX and RST primers: X. axonopodis pv. vasculorum FB570, X. albilineans ATCC33915, X. campestris pv. armoraciae 071, X. axonopodis pv. malvacearum X203, X. axonopodis pv. vignicola G-55, X. vasicola pv. holcicola X56, X. axonopodis pv. manihotis X40, X. campestris pv. raphani 69-2, X. translucens pv. translucens ATCC19319, and X. axonopodis pv. begoniae JB1. The 579-bp BSX product was not formed with any of these strains; the 420-bp RST 65/69 product was produced with all strains except X. albilineans ATCC33915, X. vasicola pv. holcicola X56, X. axonopodis pv. malvacearum X203, and X. translucens pv. translucens ATCC19319.
PCR detection limit for plant-derived samples. Crude DNA extracts prepared from tissue samples of tomato transplant seedlings that had been sprayed with various concentrations of P. syringae pv. tomato DCT6D1 were used as templates for PCR amplification with the COR1/2 primers (Fig. 1A) . The experiment was performed five times. Approximately 10 4 CFU of the bacterium on a 25-mm 2 square of leaf tissue were detected consistently after amplification and visualization using an agarose gel. The detection limit per reaction was approximately 1 × 10 2 CFU. At concentrations of approximately 10 2 CFU per 25 mm 2 of leaf tissue, or 1 CFU/reaction, a 689-bp band appeared on the gel, but it was barely discernible. A similar experiment was performed with the BSX primers. Tissue extracts were pre- pared from tomato transplant seedlings that had been sprayed with various concentrations of X. vesicatoria strain DC93-1. The detection limit was similar: approximately 4 × 10 3 CFU per 25 mm 2 of leaf tissue or 4.0 × 10 1 CFU/reaction (Fig. 1B) . The detection limit for PCR assays using DNA template extracted from tomato leaf wash water also was determined. In a field-based experiment, eight samples of symptomless leaves were randomly collected late in the growing season from a bacterial speck-infected tomato plot. As determined by Southern blotting with the COR15 DNA probe, the CFU/10 g of tissue for these eight samples was 3. , and 1.6 × 10 5 . Only those samples with at least 10 5 CFU per 10 g gave the expected 689-bp PCR product; the CFU/PCR for these three samples was 3.4 × 10 1 , 3.8 × 10 1 , and 4.0 × 10 1 . Thus, the detection limit/reaction for the leaf wash assay using field plants was similar to that obtained using squares of symptomless leaf tissue from inoculated plants grown in a protected environment. To be assured of a positive reaction, a 10-g leaf sample from field plants should contain at least 10 5 CFU of the target bacterium. Effect of field plant age and the pathogen population size in lesions on PCR-based detection. As a field plant lesion ages, the P. syringae pv. tomato population in that lesion declines and other microorganisms establish themselves in the diseased tissue (13) . We tested the effect of plant age on the PCR assay by randomly sampling lesions from the lower third of infected plants from grower fields in June (early, 37 days after planting), July (midseason, 59 days after planting), and August (just before harvest, 79 days after planting) (Fig. 2) . The mean population size of the lesions sampled on those three dates was 6.57 ± 0.56, 6.72 ± 0.58, and 5.81 ± 0.91 (expressed as log 10 CFU/lesion), respectively. The percentage of confirmed bacterial speck lesions that gave a positive PCR assay with the COR1/2 primers was 86, 93, and 70%, respectively. Thus, a seasonal decline in the accuracy of lesion PCR corresponded to a decline in the mean lesion population of P. syringae pv. tomato.
Effectiveness of the COR1/2 and BSX1/2 PCR primer sets in disease diagnosis with greenhouse and field samples. Between 1997 and 2002, young lesion samples were collected from greenhouse-and field-grown tomato and pepper plants and assayed for the presence of P. syringae pv. tomato and BSX strains by a culture-based method and by PCRbased assays with primer sets COR1/2, BSX1/2, and RST 65/69. We isolated viable cells of P. syringae pv. tomato from 69 of the 70 bacterial speck-like lesions (from 70 different tomato fields) assayed. The COR1/2 PCR assay was negative for 2 of these 69 samples but positive for the 1 sample that was negative by the culturebased method. During this same period, we confirmed that bacterial spot-like lesions collected from 124 different greenhouses or grower fields contained viable BSX cells (Table 2) . PCR with the RST primers produced an amplicon of the expected size (420 bp) for all 124 samples. However, the 579-bp amplicon expected with the BSX1/2 primers was produced for only 24.2% of the samples. Another 66.1% of the samples produced an amplicon of approximately 425 bp. Attempts to optimize the BSX1/2 PCR parameters did not change these results (data not shown). This 425-bp product hybridized to probes KK1750 and BSX1323, which was a DIGlabeled 1.32-kb fragment of KK1750, in dot blot analysis (data not shown). Restriction enzyme analysis of the RST amplicon (31) of those strains producing the 425-bp BSX amplicon revealed that they were group D, or X. gardneri, strains (19) . Like the Yugoslavian and Costa Rican X. gardneri strains, they were not amylolytic but weakly pectolytic (data not shown). The Ontario, Yugoslavian, and Costa Rican strains had identical rep-PCR fingerprints with primers BOX, ERIC, and REP (Fig.  3) . Using restriction enzyme analysis of the RST amplicon, rep-PCR, and pectate/starch degradation assays, the remaining 12 BSX strains that did not produce the expected product with the BSX primers were identified as group C strains. All group C strains hybridized with probes BSX1323 and KK1750.
Analysis of the 425-bp BSX amplicon. All of the above PCR lesion assays had been performed with crude template DNA that had been prepared using the freeze- Fig. 2 . Effect of field plant age and the Pseudomonas syringae pv. tomato population size in leaf lesions on polymerase chain reaction (PCR)-based detection of bacterial speck. Samples were collected from processing tomato grower fields in June (seven samples from each of three fields), July (five samples from each of three fields), and August (five samples from each of four fields). Each lesion was cut in half. One half was processed for PCR and the other half was used to determine the P. syringae pv. tomato population of the lesion as described previously (13) . The 689-bp PCR product was visualized by subjecting 5 µl of the reaction mixture to agarose gel electrophoresis. The identity of the PCR product was confirmed by a dot blot assay using the bacterial speck COR15 probe. Positive PCR assay for bacterial speck, black bar; negative PCR assay for bacterial speck, white bar. a Each PCR assay was performed at least twice. b Number of samples with confirmed pathogen. Bacteria that were isolated from these samples hybridized with the bacterial spot probe KK1750 and were pathogenic for tomato, pepper, or both. Hybridizations were performed at least twice for each strain.
boil method of extraction. When PCR was performed using purified DNA from the BSX strains that previously had produced the 425-bp amplicon, a 579-bp amplicon that hybridized with probes KK1750 and BSX1323 was formed (data not shown).
The PCR products generated with DNA from strain DC93-1 (group B) and the group D strains XCGA2 (type strain for 'X. gardneri'), DC00T7A, and DC99T6A, using crude extracts as template, were cloned into the vector pDrive using the Qiagen PCR Cloning Kit. These cloned fragments then were sequenced and compared (Fig. 4) . The sequences of the 'X. gardneri' strains had 98.3% identity to each other but only 76.8% identity to X. vesicatoria DC93-1. The 'X. gardneri' sequences were missing a segment approximately 150 bp in size located between nucleotides 270 and 420 of the strain DC93-1 sequence; otherwise, the sequences were almost identical.
DISCUSSION
Previous work has shown that coronatine production is an important trait for P. syringae pv. tomato, giving it a selective advantage in its natural habitat (4, 14, 42) . In fact, P. syringae pv. tomato strains that do not produce this toxin have not been isolated from Ontario tomato fields (14; unpublished data). Purified DNA extracts from 54 P. syringae strains were used as templates in PCR assays with the coronatine primer set COR1/2 and only those strains able to synthesize the toxin coronatine gave the expected 689-bp PCR product. These results are similar to those obtained with the PCR primer pair designed by Bereswill et al. and derived from the coronfacate ligase gene of the P. syringae pv. glycinea coronatine gene cluster (5, 29) . However, our 6-year greenhouse and field study of the effectiveness of the COR1/2 PCR-based method for lesion identification is the first such study done for a PCR-based bacterial speck assay. It diverged from the culture-based method for only 3 of the 70 lesions tested. Thus, this assay, which has a reliability comparable to that of the conventional culturebased method, should provide the tomato industry with a rapid means of identifying bacterial speck lesions on transplants before these plants are transported to grower fields. It also should accelerate confirmation of disease diagnosis on field plants where symptoms often can be confused with those of bacterial spot or early blight (11) .
In an earlier study, the BSX DNA probe KK1750, which hybridized to 46 of the 52 geographically diverse BSX strains assayed, had a weak response with 8 diverse, non-BSX, phytopathogenic xanthomonads from nonsolanaceous hosts (22) . Subsequent sequencing of KK1750 (current study) and Southern blot hybridization has shown that the response of these non-BSX strains was due to a truncated transposase on one end of the sequence. Thus, the primers for our diagnostic work, BSX1/2, were selected from the other 1,300-bp portion of the sequence. This primer set amplified template DNA from strains belonging to all four BSX groups (Table 1) . However, there were some BSX strains (8/37) in our geographically diverse collection that did not produce the expected 579-bp amplicon. All of these strains except for MSU1138, an unusual strain that belongs to group D, hybridized to probe BSX1323; therefore, the lack of amplification may be due to sequence differences at the primer attachment sites. Single base mismatches may be sufficient to terminate primer extension during PCR (45) . The RST65/69 primers produced a 420-bp product with template DNA from all 36 BSX strains; the 420-bp product also was generated with template DNA from 36 of 40 non-BSX xanthomonads included in the screening. The four non-BSX xanthomonads that did not respond to RST65/69 may have been missing a portion of the hrp gene cluster, but this possibility was not confirmed.
Under ideal conditions and with inhibitor-free template, the sensitivity of PCR assays can be as low as a few bacterial cells/reaction (15) . However, when the template source is as complex as soil, biological waste, or plant material, the reaction easily can be inhibited by a number of substances, including complex polysaccharides, heavy metals, and humic acid (2, 45) . A detection limit of 30 to 50 CFU/reaction, as reported in this study, is optimal for PCR assays of plant tissue that do not include pre-enrichment or use a nested PCR approach (6, 18, 43) . The method used to extract DNA is critical. Incomplete lysis or the presence of polymerase inhibitors, as well as poor DNA yields, will reduce sensitivity. Myers et al. (28) reported that the PCR detection level for Vibrio parahaemolyticus in Gulf of Mexico water improved when samples were subjected to a simple boiling extraction method as opposed to a commercially available DNA purification kit. We made a similar discovery when working with infected tomato plant material (D. A. Cuppels, unpublished data) and, thus, DNA extractions were performed using a freeze-boil method with TTTE (35) . To minimize the release of PCR inhibitors from diseased tissue samples, bacteria were eluted from the samples into water and harvested by centrifugation before being subjected to DNA extraction. Using this simple methodology, we found that a 25-mm 2 leaf sample from infected plants grown in a protected environment would have to have at least 4 × 10 3 to 1 × 10 4 BSX cells to give a positive PCR (40 to 100 CFU/reaction). Previous work had shown that bacterial pathogen populations in tomato leaf lesions decline as the lesions age, but that even an old lesion (7 weeks old) averaged at least 10 5 CFU (13). In the present study, the mean population of bac- terial speck lesions randomly collected late in the season from the lower third of field tomato plants was 6.5 × 10 5 CFU, a 10-fold decline from the mean population observed in midseason; the percentage of positive COR1/2-PCRs declined as well, from 93 to 70%. Plant leaves and lesions, as they age, attract opportunistic microbes that may block the availability of target DNA to the polymerase; they also may release more enzyme-inactivating substances (45) . However, most samples submitted for disease diagnosis are taken from transplant seedlings or young, 4-to 6-week-old field plants. In our 6-year study of the effectiveness of our PCR-based assay for the diagnosis of bacterial speck and bacterial spot, inhibitors were not a factor because there was 96% agreement between the COR1/2 PCR assay and the conventional culture-based assay and 100% agreement for the RST65/69 PCR assay and the culture-based assay.
Latent infections of apparently healthy greenhouse-grown seedlings or young field plants may provide an important inoculum source for bacterial speck and bacterial spot (13, 15) . Thus, we modified our PCR protocol to one where freeze-boil DNA extraction was applied to bacteria collected by centrifugation from the wash water for 10-g samples of symptomless, young seedlings. Samples containing 10 5 CFU of P. syringae pv. tomato (approximately 30 to 40 CFU/PCR) gave a strong response with the COR1/2 primers, but samples with 5 × 10 2 CFU or less did not. Unless the sensitivity of the assay can be improved through better DNA extraction or sampling methods, PCR may not be an effective means of screening symptomless tomato seedlings harboring low numbers of the target pathogen.
The BSX1/2 primer set for bacterial spot was not as effective in lesion diagnosis as the COR1/2 primer set for bacterial speck; 90% of the 124 bacterial spot lesions processed during the 6-year survey produced an amplicon with the BSX1/2 primers. The expected 579-bp amplification product was generated by only 27% of the BSX1/2-positive samples; the remaining 73% had a 425-bp amplification product. Using rep-PCR fingerprinting, restriction enzyme analysis of the RST65/69 amplification product (31) , pectate and starch degradation assays, and pathogenicity tests, we confirmed that all BSX strains producing the 425-bp BSX1/2 product were group D or X. gardneri strains. When purified DNA from these strains was used as a PCR template, the BSX1/2 amplification product was the expected 579-bp sequence. The sequence of the 425-bp amplification product was almost identical to the 579-bp sequence, except that it was missing approximately 150 bp from the middle of the sequence (Fig. 4) . Differences in nucleoid proteins along the 579-bp sequence between group D strains and strains of the other groups may explain these results (26) . A nucleoid protein-DNA complex in this region of group D strains may have formed a loop that stays intact during the freeze-boil extraction but not during purification using a commercially available kit; in strains from the other BSX groups, this loop either may not be present or is released during both extraction processes. During PCR, the polymerase may not be able to replicate DNA that is in the loop portion of the segment, thus resulting in a 425-bp product. Additional experimentation is needed to test this hypothesis. This study is the first report of the widespread occurrence in a major tomato-growing area of North America of what had been considered a rare form of the bacterial spot pathogen (7, 19) . However, a recent report indicates that group D strains now are present in Brazilian processing tomato fields (32) . The origin of the Ontario group D strains is unknown. Very few studies of the bacterial spot pathogen have included group D strains. Our study also is the first report of group C strains occurring in tomato-growing regions of northern North America. Currently, our lab is determining the ecological fitness of group C and D strains under the environmental conditions found in southern Ontario.
Although the DNA fragment from which the bacterial spot primers BSX1/2 were derived has been sequenced, the functions of the open reading frames on this sequence are unknown. Because a sequence downstream of this region is homologous to a putative truncated transposase that is located in a region flanking the hrp gene cluster of X. axonopodis pv. vesicatoria 85-10 (30), the BSX1/2 template may be part of a pathogenicity island. Experiments designed to determine the exact genomic location of the KK17750 sequence are in progress. Fig. 4 . Multiple alignment of the sequences of the amplicons generated using the BSX1/2 primers and DNA template from Xanthomonas vesicatoria strain DC93-1 (group B), X. gardneri strain XCGA2 (group D), Ontario strain DC00T-7A (group D), and Ontario strain DC99T6A (group D). The alignments were generated using CLUSTAL V and the alignment output was formatted for printing using BOXSHADE version 3.21. Residues with a dark shading are identical.
